Purpose: The THick Gas Electron Multiplier (THGEM)-based tissue-equivalent proportional counter (TEPC) has been proven to be useful for microdosimetry due to its flexibility in varying the gaseous sensitive volume and achieving high multiplication gain. Aiming at measuring the spatial distribution of radiation dose for mixed neutron-gamma fields, an advanced two-dimensional (2D) THGEM-TEPC was designed and constructed at McMaster University which will enable us to overcome the operational limitation of the classical TEPCs, particularly for high-dose rate fields. Compared to the traditional TEPCs, anode wire electrodes were replaced by a THGEM layer, which not only enhances the gas multiplication gain but also offers a flexible and convenient fabrication for building 2D detectors. Method & Materials: The 2D THGEM TEPC consists of an array of 3 9 3 sensitive volumes, equivalent to nine individual TEPCs, each of which has a dimension of 5 mm diameter and length. Taking the overall cost, size and flexibility into account, to process nine detector signals simultaneously, a multi-input digital pulse processing system was developed by using modern microcontrollers, each of which is coupled with a 12-bit sampling ADC. Results: Using the McMaster Tandetron 7 Li(p,n) accelerator neutron source, both fundamental detector performance, as well as neutron dosimetric response of the 2D THGEM-TEPC, has been extensively investigated and compared to the data acquired by a standard spherical TEPC. It was shown that the microdosimetric response and the measured absorbed dose rate of the 2D THGEM detector developed in this study are comparable to the standard 1/2" TEPC which is commercially available. Conclusion: This study proved that the 2D TEPC based on the THGEM technology can be effectively used in microdosimetry studies and is a promising detector for measuring the absorbed dose rate distribution over an area in mixed radiation fields. This unique small gas cavity detector opens new possibilities in applications for high-intensity mixed radiation fields as well as in nanodosimetry.
INTRODUCTION
The invention of tissue-equivalent proportional counters (TEPCs) simulating micrometer diameter volumes, resulted in a practical demonstration of the stochastic nature of energy deposition in small regions. TEPCs not only contributed to a better understanding of the interactions between ionizing radiation and biological targets but also have had a significant impact on applied radiation dosimetry and experimental microdosimetry, which is the study of the effects of ionizing radiations on biological targets by investigating the probabilistic distribution of energy deposition events at cellular and subcellular levels. 1 Particularly, in radiotherapy, where the doses are relatively high, the possible application of microdosimetry became more evident with the advent of neutron therapy (and high LET therapy). For low LET radiation, the differences in RBE are small in contrast to high LET radiation for which the differences in RBE are considerable. Fast Neutron Therapy (F), Boron Neutron Capture Therapy (BNCT) [2] [3] [4] [5] [6] [7] , and proton and heavy ion therapy 8, 9 are the high LET radiation therapies in which microdosimetric methods have been applied. The most challenging aspect of these techniques is to determine the absorbed dose delivered to the patient accurately and to predict the associated RBE. 4 To this end, microdosimetric measurements can provide the required information and a reliable description of the therapeutic beam quality for the optimization of the treatment planning. 8, 10, 11 Microdosimetry delivers a proper measuring methodology useful for performing quality control tests of therapeutic radiation beams, where differences in the acquired microdosimetric spectra are almost always associated with variations in radiobiological properties of the beams. 7 TEPCs have been proven to be the ideal detectors for monitoring complex radiation fields and have been widely employed in radiotherapy, radiation protection, radiobiology, and aviation dosimetry. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The traditional TEPCs consist of spherical shells, molded of A-150 plastic as the counter wall. The anode of the detector is a fine wire, strung from pole to pole of the sphere. There are two methods to produce the uniform electric field along the length of anode wire: (a) to center the anode in a cylindrical grid consisting of wire helix 18 or (b) to use the field shaping electrodes. 19 These detectors are commercially available and manufactured by Far West Technology Inc. in different sizes, such as 1/2" (Model LET-1/2 and LET-SW1/ 2), 2" (Model LET-2 and LET-SW2) and 5" (Model LET-SW5). The operation, detector response, and application of TEPCs have been well investigated in different research studies. 15, [20] [21] [22] [23] [24] [25] [26] [27] Although generally considered the best available detectors, the conventional TEPCs have shortcomings for those radiation fields encountered in modern medical and health physics. In the presence of intense mixed radiation fields, the dose rate is too high to be processed by the relatively large size conventional TEPC and chain of electronics, due to the severe pulse pileup and high dead time. 28 Hence, there is a need to miniaturize the size of the detector. 4, 29 However, following the conventional method of electron multiplication using wire electrodes for the small size multielement detector is extremely difficult and time-consuming.
Instead, using Gas Electron Multipliers (GEM), 30 for the electron multiplication process, eliminates the need for multiple anode wires while simplifying the detector fabrication. Moreover, when the spatial radiation dose distribution information is required, which is frequently encountered in many applications, the GEM technology can be conveniently employed for building a 2D detector while the conventional TEPC technology faces many technical difficulties due to its anode wire structure.
With the advent of GEMs, they have been widely used for a variety of applications. [31] [32] [33] [34] [35] Particularly, for microdosimetry, Farahmand developed a mini multielement TEPC based on GEM. 36, 37 Likewise, Seydaliev designed and constructed a GEM-based TEPC for neutron protection dosimetry. [38] [39] [40] Both results showed that the TEPC based on GEM is a good alternative for conventional TEPCs for microdosimetric measurements. More recently Uno et al. 41 developed a 2D imaging neutron detector based on GEM for the neutron radiography.
Another GEM-derivative that more recently has emerged is THGEM (THick GEM), whose insulator is replaced by a thicker glass fiber-reinforced-epoxy plate (on the order of sub millimeter to millimeter compared to 50 lm in GEM) and the holes, whose diameters are much bigger by a similar factor, are mechanically drilled. 42, 43 THGEM can be readily fabricated from any printed circuit boards (PCB) manufacturer, making it a very cost-effective amplification technology. In addition, as the automatic drilling of the holes is a standard industry procedure, fabricating THGEMs with various holes' diameters and pitches, different shape, thickness, and size is possible. As with GEM, careful cleaning, not introducing any sort of conducting debris or stains, must be required for THGEM as well. However, THGEM is relatively easy to manufacture and handle and large sizes can be envisaged. Moreover, due to the structure, cascading THGEMs is possible to achieve higher gain at lower THGEM voltage, which decreases the discharge probability. 44, 45 Owing to its favorable characteristics, further studies and advances on THGEM and its applications have been carried out. Shalem et al. reported advances in THGEM-based gas detectors operating at atmospheric pressure 46 and low pressure. 47 Within the same group, Cortesi et al. developed an imaging THGEM-based detector successfully. 48 Our group has been focusing on THGEM detector developments, geared for mixed neutron-gamma dosimetry and neutron imaging since 2007 and the feasibility of using THGEM for microdosimetry was demonstrated. [49] [50] [51] [52] [53] [54] [55] In the present study, inspired by our prototype THGEM detector, 51 a two-dimensional microdosimetric detector was designed, constructed and implemented using the THGEM technology: (a) to study the feasibility of constructing a microdosimetric detector with a much smaller sensitive volume than the traditional TEPC and (b) to effectively measure the spatial distributions of high and low linear energy transfer radiation doses simultaneously in mixed radiation fields. The detector design, its signal performance as well as its neutron dosimetric response, which have been extensively investigated, will be presented in detail.
METHODS

2.A. Detector design
The 2D THGEM detector consists of four layers enclosed in an aluminum chamber with low pressure. The chamber consists of two parts, the baseplate which is the main body that the detector layers will be mounted on and the covering lid. The final design of the assembled detector is illustrated in an exploded view in Fig. 1 .
The baseplate was designed in a way that four different sizes of detector(5 9 5, 6 9 6, 9 9 9 and 12 9 12 cm 2 ) can be mounted on it. All the HV, signal and gas valve connectors used for the chamber are suitable for vacuum applications. The covering lid is an empty cylinder (20.6 cm in diameter and 5.8 cm height), having a groove for placing a 1/ 8" (AS568B) Vitron-A O-ring for the best sealing result. After fabrication, in order to get rid of oil residues due to machining, both parts were cleaned with ethanol.
To satisfy both tissue equivalence and conductance requirements, A-150 plastic was used as the cathode and was grounded. This conducting plastic, originally developed by Shonka in 1958, is a mixture of calcium fluoride, polyethylene, nylon, and carbon as a conductive replacement for oxygen. The A-150 layer is 2 mm thick and 6 9 6 cm 2 in dimension. The next layer (5 mm thick and 6 9 6 cm 2 in dimension) contains the actual sensitive volumes of the detector. Rexolite 1422 (hereafter Rexolite), cross-linked polystyrene (C-LEC Plastic Inc.), was chosen as an insulating tissue-equivalent material, in which nine right cylinders (5 mm in diameter and 5 mm in height) were machined as gas sensitive volumes. For gas filling, 1.2 mm deep grooves were machined across the layer and holes.
The THGEM is the next layer under the sensitive volumes layer. Industrial manufacturing was adopted for faster and more efficient and accurate THGEM fabrication. To this end, first, the THGEM had to be designed using a printed circuit board (PCB) software (Altium Designer). The THGEM consists of 0.4 mm thick FR4 glass-reinforced epoxy laminate sheet coated with 50-micron copper on both sides with more than 5,000 square pattern holes of 0.4 mm diameter and 0.8 mm pitch. The overall thickness of THGEM is 0.41 mm with the dimension of 60 9 60 mm and has 4 9 3 mm copper pads on both sides allowing biasing the bottom and top layer of the THGEM. The most substantial challenge in the fabrication process is to drill all holes uniformly clean. Any protruding, ragged sharp edges remaining on the copper surrounding the holes can result in extremely high electric field gradients which can destroy the THGEM during a highly ionizing event. To avoid this over a large number of holes, frequent tooling changes are mandatory. The THGEMs used in this work were ordered via two different manufacturers. First sets (hereafter old THGEM) were ordered from a Chinese company via the online service offered through MyroPCB (www.myropcb.com). The second sets of THGEMs (hereafter new THGEM) were ordered from Milplex circuit Canada Inc. For improvement, more polishing and deburring process steps were asked to be carried out.
The Readout board, which is the last detector layer, consists of an FR4 insulator coated with copper on both sides. The 2D pattern of nine detectors was etched for the collection of charges from each detector.
In order to bias THGEM and apply a high voltage to the bottom and top side of THGEM, a high voltage divider was designed. It is a printed circuit board with two resistors of R 1 = 10 MΩ and R 2 = 2 MΩ, dividing the input high voltage between the bottom and top layer of THGEM such that 5/ 6 of input high voltage would be applied across THGEM and the 1/6 remainder would be between bottom of THGEM and collection plate [ Fig. 2(a) ].
For further investigation and optimization of the detector, two THGEM layers were used. This allows a better multiplication and results in a higher gain. In this case, everything was the same as stated earlier except having two layers of THGEM (2 mm gap in between) each biased using a separate HV divider. The circuit diagram of detector wiring is shown in Fig. 2(b) . The voltage difference between the THGEM 1 bottom layer and the THGEM 2 top layer is known as DV Trans , and the voltage difference between the THGEM 2 bottom layer and the top layer of the readout board is known as collection voltage, DV CP . Drift HV is the difference between the V cathode and V in , which was always kept at least 100 V. In this case, the input HV is divided between the top and bottom of two THGEMs by a factor using resistors of 2 and 10 MΩ, so that 5/12 of input high voltage would be applied across both THGEMs. The assembly of the detector inside the aluminum chamber is illustrated in Fig. 3 .
To investigate the responses of the THGEM detector with smaller cavities, two sensitive volumes of 2.5 and 1 mm diameter were fabricated and tested as illustrated in Fig. 4 .
After fabrication of the aluminum chamber and installing the high voltage, signal, and gas valve connectors on the plate, the detector was sealed and closed for a vacuum test. Connecting to a rotary vacuum pump, the chamber was pumped down to 10 À3 torr for 2 days and no leakage was observed. Following the chamber pump down, the detector was filled with propane-based tissue-equivalent (TE) gas. The pressure of the filling gas would be different depending on the intended size of the simulating unit density of soft tissue and the size of the sensitive volume. Therefore, in the cases of 5, 2.5, and 1 mm sensitive volumes, the detector should be filled with TE gas at a pressure of 167, 334, and 835 torr, respectively, to simulate a 2-lm diameter of right cylinder unit density soft tissue. One challenge with the 2D THGEM-TEPC is that a detector with a large area will carry a large number of readouts, each requiring an individual chain of electronics This requires 9, 25, or more electronic components, such as preamplifier and digital signal processor (DSP) to process each signal individually, which is complex and causes difficulty for the portability of the system. This issue was resolved by developing a custom made low-cost multi-input digital signal processing system (DSP), the architecture and operational performance of which were fully addressed in a separate paper. 56 It was shown that considering overall cost, size, and flexibility, the performance of this custom made multi-input DSP is superior to the commercial products in a wide region of count rate.
2.C. Experimental methodology
All experiments were conducted using the Tandetron accelerator at McMaster University. It has a 1.25 MV terminal voltage (thus a maximum proton energy of 2.5 MeV) and a 1 mA capability. The irradiation facility was built for both medical and radiobiological applications and a full description of its design principle was reported by. 57, 58 Fast neutrons are produced via the 7 Li(p,n) reaction and then moderated by 2.4 cm thick polyethylene sheets. In order to reduce the radiation dose from the gamma-rays emitted from the Li target (478 keV), Li(p,p'c), and from the moderator (2.2 MeV), H (n,c), a lead gamma-ray filter is positioned right after the polyethylene moderator. A graphite reflector surrounding the irradiation site reflects neutrons back to the irradiation site, which increases the neutron fluence rate at the irradiation site. A cylindrical cavity volume of 20 cm diameter and 6 cm length is used for positioning the irradiation object of interest. The boron plastic walls and the lead absorb the outgoing neutrons and gamma-rays, respectively. The neutrons transmitting the boron plastic wall are absorbed by the shield box made of Borax, polyethylene, and polyester resin. The detailed characteristics of the radiation field and a comprehensive dosimetric characterization of the irradiation cavity, measured by the commercial 1/2" TEPC was fully investigated by Darvish-Molla et al. 59 The typical range of maximum neutron energies used in this study was from 165.1 keV (for proton energy of 1.95 MeV) to 786.7 keV (for proton energy of 2.5 MeV).
To test the performance of the detector and to be assured that all fabricated parts, wire solderings, connections, and vacuum seals are properly done, preliminary measurements were carried out using a single sensitive volume (center detector), rather than all the nine detectors, and commercial digital signal processing system, rather than our custom made MMI-DSP. After testing the signal from each individual cavity, that is, sensitive volume, and ensuring its performance, all the signals from the nine cavities were tested simultaneously using a 2D multivolume configuration and custom made multi-input DSP.
For testing the signal from a single gaseous cavity, the detector was placed inside the irradiation cavity centered on the beam path and about 35 cm away from the target. The THGEM and cathode were biased using a Canberra dual high voltage supply (Model 3125, the range of each module: 0 to AE5000 V) with two independent outputs according to the diagram shown in Fig. 2(a) . Figure 5 shows the schematic of the experimental setup for this arrangement. A charge sensitive preamplifier (ORTEC, Model: 109A with the charge sensitivity of 15 mV/MeV) and digital signal processor (ORTEC, Model: DSPEC) were used for the data acquisition.
For collecting the signals from the 3 9 3 gaseous cavity array in parallel, all nine detectors were in play. As the control room was 15 m away from the detector side, to connect nine signal plus two pulser cables, the MMI-DSP, which was fully explained in the previous article 43 was kept close to the detector, in the irradiation area, so that nine signal outputs of the charge sensitive preamplifier (CAEN, Model: A1422 (8ch) and A1422(1ch) with the charge sensitivity of 45 mV/ MeV), plus two test inputs were connected to the MMI-DSP via 11 short (1 m) cables and just one 15 m USB cable was used to connect MMI-DSP to the acquisition system which was in the control room as shown in Fig. 6 . This has the advantage of avoiding nine long signal cables (15 m) connected to the MMI-DSP across the Accelerator hall. The same results were obtained in terms of communication between MMI-DSP and laptop compared to the 1 m USB cable.
2.D. Data analysis methodology
For the standard 1/2" TEPC, which has a finely collimated internal 244 Cm alpha source, after data acquisition, the pulse height spectra were calibrated in terms of the lineal energy, y, by applying the appropriate calibration factors obtained from the internal alpha source and then each spectrum was redistributed into equal logarithmic bins with a resolution of 60 bins per decade, and then N(y i ), the number of counts in a logarithmic bin of lineal energy y i , was multiplied with the lineal energy to represent a dose spectrum, from which the neutron and gamma-ray absorbed doses were calculated as given below 59 (y is in keV lm À1 ):
where q and V are the density of the gas and volume of the gas cavity and l is the mean chord length of the cavity. The data analysis procedure for the 2D THGEM detector is mostly the same as the one explained above for the commercial 1/2" TEPC, except that the 2D THGEM detector does not have any internal calibration source, making the lineal energy calibration trickier. In this case, according to Kliauga (1995) 22 a reliable and accurate calibration method is based on the known proton edge. Taking the advantage of the fact that the lineal energy of the proton edge is the same for each proton energy, once the spectrum obtained with the 1/2" TEPC is calibrated, the lineal energy corresponding to the proton edge can be adopted to calibrate the spectrum obtained with the 2D THGEM detector. The rest of the data analysis would be the same as explained above for the 1/2" TEPC.
To investigate and validate the response of the 2D THGEM detector, the results were compared to the ones acquired with the standard TEPC (model LET-1/2, Far West Technology Inc., USA).
RESULTS
3.A. Neutron response of the single gaseous cavity THGEM detector
In order to reduce the unknown factors and to ensure that the detection chain works properly, first the single gaseous cavity detector was tested as explained in the experimental methodology section. The goal of this investigation was to (a) ascertain the operating voltage of the detector, (b) obtain a signal successfully, (c) check the detector stability and reproducibility, (d) explore the multiplication gain of a single-layer THGEM, and (e) compare the performance of the two sets (new and old) of THGEMs.
3.A.1. Operating voltage
To investigate the detector operating voltage, the detector was irradiated by a neutron beam resulting from the 7 Li(p,n) reaction using the experimental setup shown in Fig. 5 . With the beam on, the cathode and THGEM applied high voltages were increased gradually and the preamplifier and shaping amplifier signals were observed on the oscilloscope. Once the applied voltages were increased enough that the detector reached its proportional region and the signal to noise ratio was noticeably satisfying (sufficiently large for the signal to be clearly distinguishable), raising of the applied voltages was stopped to prevent any possible discharge and breakdown.
Through multiple measurements, it was found that the first signal of the detector appeared at 700 V and the maximum safe high voltage was about 1150 V for the old THGEMs and 1020 V for the new THGEMs. The reason that the maximum applied voltage across the new THGEMs was lower than the old THGEMs is due to the fact that the old ones had a 0.1 mm etched rim in the copper surrounding each hole. It was previously shown that THGEMs having a rim could tolerate higher applied voltage and could achieve a higher gain. 51, 60 However, it is difficult for the manufacturing companies to fabricate uniformly concentric rims and holes over the entire active area. Therefore, rim-hole eccentricity is the major cause of spark-induced damage.
3.A.2. Signal growth
In order to explore the multiplication gain dependence on the applied voltage across the THGEM, the proton energy and current for the accelerator were set to 2.3 MeV and 50 lA. By increasing the applied voltage to the cathode and THGEM gradually, the growth of the detector signal was observed on the oscilloscope. Figure 7(a) shows the detector signal at HV THGEM = 850 V. By gradually increasing the voltage, it was observed that the detector signal at the HV THGEM = 850 V was 48 times larger than at HV THGEM = 633.3 V. Figure 7 (b) shows the plot of the shaping amplifier amplitude as the high voltage applied across the THGEM was increased. As expected, the pulse height increases exponentially with the applied high voltage.
3.A.3. Detector stability and reproducibility
The detector stability was investigated by collecting data every 300 s for six cycles. Figure 8 shows the raw spectra collected consecutively for 30 min using one of the old THGEMs batches. As can be seen, qualitatively, there is not a significant gain shift within half an hour measurement time. Quantitatively, comparison of the total counts in a channel window of 300-700, shows 8% and 7% increase for t 2 and t 3 and 4% and 3% decrease for t 4 and t 5 compare to the initial measurement (t 1 ). At t 6 , the difference of the total counts in the 400 window channel is only 0.5% less than t 1 , which shows the detector is conditioned and stable. After 2 hr, the detector stability was tested one more time to explore any gain shift. The detector gain was stable after 2 hr and the total counts in the 400 window channel is again only 0.5% less. Clearly, there is no significant gain shift over 2 hr measurement.
To demonstrate the reproducibility of data, a set of measurements was performed on another day about 3 weeks later. All detector features and measurement settings were kept the same. The comparison of the total counts in a channel window of 300-700, shows only 3% decrease in counts for the data collected about 3 weeks after the initial measurement data set. It was found that the stability results were reproduced over repeated measurements even with different THGEMs.
Similarly, the stability test was carried out for the new batch of THGEMs from MILPLEX. For the MILPLEX THGEM, the first indication of signal happened at around HV THGEM = 500 V, which is about 200 V lower than that for old THGEMs, meaning that the amendment that had been made in the THGEM fabrication process made a significant improvement on the THGEM gain.
3.A.4. Microdosimetric response
The microdosimetric spectrum of a single gaseous cavity detector was investigated using both old and new THGEMs. After data acquisition, using the data analysis method described above, the pulse height spectra were calibrated in terms of the lineal energy, y, and redistributed to the microdosimetric spectra. Figure 9 presents the microdosimetric spectra obtained with old (#1) and new (#5) THGEMs in comparison with the microdosimetric spectra obtained with commercial 1/2" and 2" TEPCs. For a better visual comparison the vertical scale is quoted in terms of yN(y), the number of counts in a logarithmic bin of lineal energy y multiplied by lineal energy corresponding to that bin, normalized by the total proton charge incident on the lithium target (Q p ) and the mass of the gas in the sensitive volume (m g ). As can be seen, the response of the THGEM #5 detector is consistent with that of the commercial 1/2" TEPC and the neutron peaks of both detectors overlapped well. The lower lineal energy part of the spectrum is slightly higher than the standard 1/2" TEPC but matched well with the commercial 2" TEPC. This could be due to the fact that the 1/2" TEPC data were acquired on Oct 2014, however, both THGEM #5 detector and commercial 2" TEPC were acquired within a month in 2015. The response of THGEM #1 is consistent with those of the 1/2" and 2" TEPCs, however, there is a discrepancy in the lineal energy region above 150 keV/lm. There appears to be another peak generated after the neutron peak, the height of which varied for different THGEMs. This was observed by Orchard 42 as well. This could be explained by the spatial non-uniformity of the gas multiplication gain. As the THGEMs fabricated for this research had about 150 times more holes than the previous study 51 there could be much more holes which were not drilled uniformly. Besides, the quality control of 5000 holes is much more difficult. All these factors could end up with a non-uniform gas multiplication which causes a broader neutron peak and possibly the second peak.
The detector response was investigated for three different THGEMs (#9, #10 and #11) for the same proton energy (E p = 2.3 MeV) and current (I p = 50 lA). Every time the detector had to be opened to replace the THGEM, and then the chamber was closed, sealed, pumped down, and refilled again with the TE gas to the same pressure. For each measurement, it was attempted to keep the settings as identical as possible. In order to compare the microdosimetric spectra between different gaseous cavities and different THGEMs, the measured microdosimetric responses for the center cavity (D5) are shown in Fig. 10 . In this Figure, it is clear that the microdosimetric responses of the different THGEMs are the same as expected.
The detector response was studied for THGEM #10 with the same proton energy of 2.3 MeV but for two different proton currents of 50 and 150 lA. The raw spectra for the central detector (D5) are shown in Fig. 11(a) . To evaluate the detector response to the proton current, the total count of each spectrum was determined by integrating counts in the region above the electronic noise level, which is equivalent to the lineal energy of 10 keV/lm and the channel number of 50, typically. In this figure, the count rate of each detector was compared for I p = 50 lA and I p = 150 lA. As expected the count rate was increased about three times by increasing the current from 50 to 150 lA.
Next, the proton current was set to 50 lA for different proton energies of 2, 2.3, and 2.5 MeV. The detector response is compared in Fig. 11(b) . likewise, the noise part was subtracted for each detector and the total count rate was calculated. The results for all three different energies were normal and followed the expected trend.
3.B. Single-layer vs. double-layer THGEM arrangement
Having a small size detector sensitive volume requires having a high multiplication gain to achieve a reasonable signal to noise ratio. It has been shown that using a multiple-GEM arrangement (for different applications) has the advantage of increase in gain without impractical high voltage across the THEGM. 34, 39, [45] [46] [47] [48] 53, 61, 62 Hence, the double-THGEM arrangement was assembled using the MILPLEX THGEMs and the detector response was investigated. The signal was monitored and compared to the single-layer THGEM arrangement. The applied high voltage was divided between the two THGEMs' top and bottom layers according to the circuit diagram as shown in Fig. 2(b) . The maximum high voltage that could be applied across the THGEM layer was 733 V for double and 850 V for a single layer. However, the detector signal amplitude was 10 times higher by applying about a 120 V less high voltage across each THGEM for the double layers. The effective gain of the single and double THGEMs was previously compared in the TE-propane gas at 167 torr, by Hanu 63 which reports three times higher gain for the double-THGEM configuration.
The microdosimetric spectrum of the central detector for the single-and double-layer THGEMs is compared in Fig. 12 . The 1/2" TEPC spectrum, which was acquired at the position of the 2D THGEM detector inside the irradiation cavity, was plotted as a reference. The best result with the THGEM detector, which was acquired with THGEM #5 in April 2015, was also plotted for the comparison of the lower lineal energy region. As can be seen, the shape of the spectrum for the single THGEM #11 and double THGEMs #11 and #12 are consistent above 15 keV/lm. The higher lineal energy cutoff for the double-THGEM arrangement was due to the fact that the gain was too high to register all the events, even though the DSPEC gain was set to the lowest possible value. This was not a concern at this stage as it is believed that any events registered after the proton edge were not physically possible and were due to a systematic issue, which has to be addressed eventually. The lower lineal energy region of the spectra, which is related to the gamma-ray emission, followed the same pattern but not quantitatively. The discrepancy between the 1/2" TEPC and THGEM detector gammaray part could be due to the fact that the data were acquired in different times (about a year after). Also, most of the THGEM detector layers consist of Copper (Cu), which get activated during the irradiation time. The (n,c) reaction crosssection for 62 Cu is about 4.5 barns and the product, 63 Cu, has a half-life of 12.7 hr. This could be the explanation for the increase in the level of gamma-rays in the THGEM detector compared to 1/2" TEPC. Also, the double-THGEM arrangement has more Cu inside the detector and this could justify the higher level of gamma-ray in double-THGEM compared to single-THGEM configuration.
To investigate this matter, a set of measurements was carried out with double THGEMs and the background radiation was monitored at the beginning, during, and at the end of the 4 hr long measurement. Generally, the detector was irradiated with E p = 2.3 MeV and I p = 50 lA initially, to observe the detector signal growth on the oscilloscope by increasing the applied high voltage. This procedure may take up to 20 min until the detector reaches its operating voltage. Therefore, the Cu could get activated sooner. However, in order to monitor the background level, the background was first collected before the beam was switched on, and then the measurement started with the lower proton energies. Initially, proton energy was set to 1.8 MeV, which is below the threshold for neutron production. The detector high voltage was set to the operating high voltage found in previous measurements for double THGEMs (HV Cathode = 1800 V and HV THGEM = 1700 V). The spectrum was collected for 600 s. The gross count rate was 10 cps. Then, the proton energy was increased to 2 MeV and the spectrum was collected for 600 s. The background was collected immediately after this measurement when the beam was off, which showed about 4 cps (BKG 1). Afterward, the background was collected following each measurement with a raised proton energy. BKG 2 was collected after 2.1 MeV data collection and BKG 3 was acquired after 2.3 MeV data acquisition. The raw and microdosimetric spectra of background data are shown in Fig. 13 .
The spectra entitled BKG and BKGt 0 denote the background spectra collected before and immediately after the high voltages are applied, prior to turning on the proton beam. The analysis of the background spectra revealed that the background contribution was increased as the measurement proceeded (background count rate [cps]: BKG = 0.14, BKGt 0 = 0.23, BKG1 = 4.43, BKG2 = 9 and BKG3 = 20) and thus confirmed the higher amount of gamma-ray in the microdosimetric spectra of the THGEM detector compared to the 1/2" TEPC. The result of the subtracted background showed a consistent gamma-ray response.
3.C. 2D multi-volume detector (3 3 3 gaseous cavity arrays)
In all the measurements carried out with the 3 9 3 gaseous cavity array, THGEMs from the new batch were used. Using the experimental setup explained in Fig. 5 , the 2D multivolume detector response was investigated. The layout of the location of each sensitive volume is shown in Fig. 14 . Detector 5 is the central detector, which was tested in the previous section as a single volume detector. Detectors 1, 3, 7, and 9 are located at the corners and detectors 2, 4, 6, and 8 are located at the sides. The distance between each pair of detectors on the side is 2.25 cm.
In order to evaluate the accuracy of the neutron absorbed dose of the 2D THGEM detector, the neutron absorbed dose rates, measured by the 2D THGEM and the 1/2" TEPC detectors at the same position, were compared. Table I lists the neutron absorbed dose rates determined for the 1/2" TEPC and the central THGEM detector (D5) for E p = 2.3 MeV. For the THGEM #5 from the new batch, the dose rate was 0.0062 AE 0.0006 mGy min À1 lA
À1
, which is the closest to the 1/2" TEPC data, 0.0051% AE 10% mGy min À1 lA
. In the cases of the new batch single THGEM #11 , the double THGEMs #11 and #12 and the old batch THGEM #1 which had the second extra peak, the absorbed dose rate was calculated both with and without the second peak. As shown in the table, the old batch is not significantly different (without considering the second peak) to the TEPC measured dose, whereas the new batch gives dose results 20% higher than the TEPC. The mean value of the dose rate for all these 4 measurements is 0.00613 mGy min À1 lA À1 with a standard deviation of 0.00050 mGy min À1 lA
. Between the two detectors, a percentage difference of 17% was observed. This difference was reported as 26% by Orchard (2010) . The direct comparison of the values is not possible as the position of the detector inside the irradiation cavity in the two studies is different. Table II shows the spatial distribution of the neutron absorbed dose rate determined by the 2D THGEM detector for the area of 6 9 6 cm 2 . Featuring the spatial dose distribution over the detector area, the 2D THGEM detector has a unique beneficial advantage in contrast to the conventional TEPCs. This detector can overcome the tedium of the neutron monitoring measurements by measuring the spatial dose distribution in a single measurement.
To investigate the responses of the THGEM detector with smaller cavities, two sensitive volumes of 2.5 mm and 1 mm diameter were installed and tested. These measurements were carried out only for the central detector (D5). The applied high voltage had to be much higher as the gas pressure was about two times higher than for the 5 mm gas cavity. Therefore, extra caution was necessary to avoid any sudden discharge due to the excessive applied high voltage. The first indication of the signal was at about HV Cathode = 1460 V, HV THGEM = 1360 V. At HV Cathode = 1560, HV THGEM = 1460 the signal to noise ratio was extremely good for such a small size counter. The raw data at DV THGEM = 1167 V were compared to DV THGEM = 1200 V for E p = 2.3 MeV and I p = 50 lA and are shown in Fig. 15 . The count rate for the lower high voltage was 68 cps and for the higher one was 164 cps showing that the detector is responding to the increase in high voltage. The double-THGEM arrangement was adopted for a 1 mm diameter gas cavity using two new THGEMs #13 and #14. From the 2.5 mm gas cavity experiment, it was observed that due to the very small physical size of the detector there is a need for a much higher multiplication gain, so there is a need to raise high voltage even more, however, the maximum achievable gain, and high voltage, was limited by the onset of discharge. Thus, to overcome this issue, the use of double-THGEM or multiple-THGEM arrangement is definitely beneficial and highly recommended. The detector was filled with the TE-propane gas at a pressure of 834.4 torr. The measurement was carried out with E p = 2.1 MeV and I p = 300 lA. As the gas pressure is five times and 2.5 times higher than in the case of 5 and 2.5 mm gas cavity sizes, respectively, the applied high voltage should be higher accordingly. On the other hand, as there was a double-THGEM configuration, the voltage across each THGEM was less and much more bearable. The high voltage was raised gradually with extra caution and the detector signal was observed on the oscilloscope. Interestingly, the detector signal could reach to 32 mV with an acceptable signal to noise ratio for the first time measurement with this small detector. The maximum safe high voltage that could be applied was 3200 V for the cathode and 3100 for THGEM. Thus, the high voltage across each THGEM was 1292 V. The count rate was 63 cps. The detector had a spark as the cathode and THGEM voltages were raised to 3600 and 3500 V, respectively. The response of the detector is shown in Fig. 16 . These preliminary results show the feasibility of employing the smaller size gaseous cavity in a THGEM detector for microdosimetry and nanodosimetry applications.
CONCLUSION
A 2D THGEM-TEPC was successfully designed, constructed, and tested using a mixed neutron and gamma-ray radiation field at McMaster University. In parallel, a multiinput digital pulse processing system, which was designed and constructed specifically for this project has been effectively employed throughout this study to process all the signal outputs from the nine detectors individually and simultaneously. The ability to confidently employ the MMI-DSP system with the 2D THGEM detector was ascertained. The microdosimetric spectra from the new system were consistent with those extracted from the conventional system for various fields. However, there were some limitations associated with the prototype system which has to be resolved for future work. From these results it is evident that even though the THGEM detector size (5 mm gas cavity) is about 2.54 times smaller than the 1/2" TEPC and about 11.38 times smaller than the 2" TEPC, whose efficiencies are much higher, the THGEM detector showed a consistent microdosimetric spectrum. The measured mean value of the absorbed dose rate for the central THGEM detector (D5) was measured to be 0.00613 AE 0.00061 [mGy min À1 lA À1 ]. Also, the responses of all the other eight detectors were extensively investigated, compared to the central detector and the absorbed dose rates distribution was obtained for the positions of 3 9 3 array of detectors. The detector performance was also examined using double THGEMs. The double-THGEM arrangement was favored over a single THGEM as it permits an increase in the gain of the signal without undue high voltage stress on the THGEM. The detectors with two times and five times smaller sensitive volumes were fabricated and tested and the preliminary test results were promising and showed the potential for further development.
The second peak observed above the proton edge of the microdosimetric spectrum was the major challenge that has to be resolved thoroughly for the future works. Many attempts have been made to check all the factors that could affect this systematic issue. Improving the quality of the THGEM fabrication process involves keeping all the THGEMs inside a vacuum desiccator to prevent the expose of Cu surface to the air and handling them with extra care using gloves to avoid any moisture effects on the surface. Also, the THGEMs were blown with dry nitrogen gas to get rid of any debris and residues. This was the procedure that was employed and the best result of all was obtained with THGEM #5 from the new batch. Although the same systematic assembly procedure was used, the result of the THGEM #5 with one proton peak and sharp edge has not been reproduced ever after with any other THGEMs. Obviously, this requires further exploration. Therefore, it is proposed to change the THGEM design with less surface Cu. The THGEM holes that cover the area of each nine detectors will be kept and the rest of the holes have to be omitted. This has two advantages: (a) less surface area lead to less Cu activation when the detector is irradiated with a neutron beam, (b) this may help the printed circuit board manufacturer as they need to drill much fewer holes across the entire area of the THGEM. Hence, the quality of THGEM holes can be improved considerably. In addition, the fabrication of bigger size THGEM detectors in terms of the area (like an array of 10 9 10,. . .) would be more feasible and much more cost-effective.
This study proved that the 2D TEPC based on the THGEM technology, together with the cost-effective, custom-made multi-input digital signal processing system can be used as a promising detector for measuring the absorbed dose rate distribution over an area. It can be concluded that this small cavity counter opens new possibilities in applications for high-intensity radiation fields as well as in nanodosimetry (simulate smaller tissue sizes). Our future goal is to further optimize the detector with a larger area and for a larger number of detector arrays to develop an accurate versatile tool that can be used confidently in measuring dose distribution in any mixed radiation fields. Also, it would be our future work to test and verify the detector performance in high-intensity radiation fields such as therapeutic beams and for clinical setting. Author to whom correspondence should be addressed. Electronic mails: darvis@mcmaster.ca, sahar.darvish@gmail.com.
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